Abstract-This paper describes a docking method for cooperative step climbing for a wheelchair and a care robot which has individually driven wheels. The robot is moved by autonomous control or teleoperation, and the robot operator is able to switch to either method as the need arises. Therefore, this docking method applies the merits of both teleoperation and autonomous control, and the robot is able to connect to the wheelchair without a high-performance sensor system. In this paper, we discuss the connecting system, the procedure of docking the vehicles, and the theoretical analysis to connect the vehicles by using dual manipulators of the robot. The experimental results show the effectiveness of this method. 
I. INTRODUCTION
Most wheelchairs have wheel mechanisms, and they are able to move easily on a flat road. However, one of their weaknesses is the inability to overcome steps. Many studies have improved wheelchair mobility on steps by mounting additional legs [1] , using the combination of an adjustable center of gravity and multiple wheels [2] , and using the wheelchair posture to climb [3] . In addition to step climbing, wheelchair users have to perform many difficult tasks in their daily life (opening a door, picking up an object, etc.). The research group of the present report has studied a care robot which is able to remove such difficulties for wheelchair users, and they have presented the cooperative step climbing method for a wheelchair and a robot ( Fig. 1) [4] . These vehicles are deployed in a forward-and-aft configuration before step climbing.
Either an autonomous robot or a teleoperated robot can find and connect with another vehicle, and each type of robot has its own merits. The wheelchair and partner robot have individually driven wheels, and the Manuscript received July 13, 2015; revised December 26, 2015.
trajectories of both vehicles are limited. When both vehicles move at the same time, it is difficult to connect them because the relative distance between the two vehicles can change suddenly. Thus, it is desirable to stop one of the vehicles to connect them.
In general, when an autonomous robot is comparatively distant from another vehicle and does not know the position of either itself or the other vehicle, the robot needs a high-performance sensor system to connect with the other vehicle. However, when an autonomous robot is next to the other vehicle, it is not too difficult to connect with the other vehicle, even without a highperformance sensor system. Alternatively, when a robot operator controls a teleoperated robot which has individually driven wheels, it can be difficult to exactly connect with the other vehicle because the trajectory of the robot is limited. However, it is not difficult for the robot operator to control the teleoperated robot to find the other vehicle or to give the teleoperated robot access to it even if the operator does not know the position of the other vehicle [5] . The present report describes the docking method for the wheelchair and the care robot that uses both teleoperation and autonomous control. Many studies of the connecting method between a wheeled robot and another independent system have reported, for example, docking to battery charging systems using a wheeled robot with a flexible joint mechanism [6] , using lamps as active markers [7] , and connecting tracked vehicles which have special docking grippers [8] .
Based on preliminary measurements of friction coefficients of the robot in wet and dry conditions on asphalt, concrete, wood, and interior flooring, the ground surface considered in this research was assumed to have a friction coefficient in the range of 0.6 to 0.9, which is satisfactory for all of the above wet and dry conditions. This paper is organized as follows. Section II describes the system and the cooperative step climbing process for the wheelchair and the robot. Section III describes the connecting process with the wheelchair and the robot and an analysis to connect the vehicles. Section IV presents the experimental setup and experimental results, and Section V is the conclusion. The robot used in this research was the wheeled "TATEYAMA" developed in this laboratory [4] (Fig. 1) . Table I provides the specifications of the robot. In climbing or descending a step, the robot connects to the wheelchair (Fig. 2) . The robot has three left/right wheel pairs. The front and rear pairs are casters that can be shifted into different positions, and the middle pair are driving wheels. Fig. 3 shows the manipulator of the robot; the robot has dual manipulators attached to the left and right sides of the upper half of its body. In addition to the 5 degrees of freedom (DOF) on the arm, the hand has 1 DOF for a total of 6 DOF. In this study, the link from Joint 2 (shoulder) to Joint 4 (elbow) is called "Link 2" (length l_2), that from Joint 4 to Joint 5 (wrist) is called "Link 4" (length l_4), and that from Joint 5 to the tip of the hand is called "Link 6" (length l_6). The length from the elbow, Joint 4 to Joint 6 (the location of the connection between the wheelchair and the robot), is designated l_4c. As shown in Fig. 2 (Fig. 4) . These fingers have springs and touch sensors that are covered by bumpers (Bumpers A, B) connected to the fingers by hinges. The touch sensors on these fingers are able to detect grasping of the wheelchair shaft (Fig. 5) . Both hand mechanisms have another touch sensor (Bumper C) between the two fingers. This touch sensor is able to detect the contact with the wheelchair shaft when the robot connects to the wheelchair. The robot has a stopper mounted on its front as a part of its body ( Fig. 6 (a) ). This enables the robot to imitate the operation in which a human pushes an object by limiting the passive rotation about the shoulder joint as the upper arm is pushed into the chest (Fig. 6 (b) ). As described below, the robot stopper limits the passive rotational travel of the manipulators when the robot has been pushed (Fig. 7) . The robot has a camera ( Fig. 8) , and its shooting angle is controlled by the robot operator via an intranet. The wheelchair (NOVA Integral-ME) used in the experiment has a shape typical of wheelchairs available on the market (Fig. 1) . Table II provides specifications of the chair. The chair was rear-wheel drive, and it had a push handle mechanism on the back for the robot hands to grasp (Figs. 9 (a) and (b)). The push handle mechanism was equipped with a rotary shaft which allowed passive rotation of the handle, and the surface was rubberized.
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The robot hands grasped this shaft and thus connected to the wheelchair. The angle formed by the wheelchair with Link 4 was ∅_6 (Fig. 2) . The wheelchair stopper, composed of the front and rear bars (Figs. 9 (a) and (b)), is mounted on the rear side. During climbing and descending of the robot, the left and right sides of the robot are opened, and the two manipulators are inserted into the stopper ( Fig. 9 (a) ). The robot pushes the front bars to lift the front wheels of the robot. The rear bars prevent the robot from tipping over backward when the robot mass position shifts behind the contact point between the center wheels and the ground ( Fig. 9 (b) ). Fig. 10 is a system configuration diagram. The teleoperated robot was operated by a robot operator (caregiver). In this study, the robot control mode can be switched between teleoperation to autonomous control by the robot operator (caregiver). The motors mounted on the robot were connected to Faulhaber motion controllers (Faulhaber MCDC3006-S, MCDC3003-S). In turn, these were connected to a notebook PC mounted on the robot. The motors were controlled via commands issued by the
Motion Manager 4 software package. The moving images from the camera on the robot (Fig. 8 ) and the Motion Manager 4 operating window were displayed on the notebook PC mounted on the robot. The screen on this notebook PC used Real VNC software and was transmitted over the intranet as-is to the display of a PC used by the robot operator at a different location. The robot operator was able to control the robot by operating Motion Manager 4 from his PC. The commands for Motion Manager 4 were issued by JoyToKey software.
The keyboard commands, which were activated by pushing the buttons of the Joypad, corresponded to the manipulation of the controller to operate the robot. The robot controller (caregiver) and the wheelchair user both wore headsets and used the telecommunication software Skype to communicate verbally. The caregiver's headset was connected to the caregiver's PC, and the wheelchair user's headset was connected to the PC on the robot.
In this study, the robot was operated at a constant speed (0.76 [km/h]). The research group of the present report previously achieved cooperative step climbing for a wheelchair and a wheeled robot [4] . The step climbing method is divided into four processes (stages 1 -4). The first two stages describe the wheelchair actions, and the second two stages describe the robot actions. Stage 1 and stage 2 signify the processes in which the front and the back wheels of the wheelchair, in that order, ascend the step. Similarly, stage 3 and stage 4 signify the processes in which the front and the back wheels of the robot, in that order, ascend the step (Fig. 11 ). These step climbing processes are described below.
[Stage 1] Joints 2, 4, and 6 ( Fig. 3 ) are allowed to rotate passively until the ascent of the wheelchair has been completed. The robot operator (caregiver) stops the robot. The wheelchair user manipulates the handrims, as if to move forward, to lift the front wheels. If the wheelchair center of gravity shifts behind the contact point between the back wheels and the ground as the wheelchair tilt increases, the chair exerts forces on the manipulators and causes passive rotation about Joint 2. In this case, the manipulator upper-arm link comes into contact with the robot stopper and limits the extent of the rotation (Fig. 7) .
The robot moves forward and the wheelchair user manipulates the handrims to adjust the difference between the speeds of the two vehicles, so that the front wheels of the wheelchair are placed on the upper level of the step.
[Stage 2] The robot continues to move forward while pushing the wheelchair from behind. The back wheels of the wheelchair come into contact with the step. The robot continues to push on the wheelchair so that the rear wheels of the wheelchair climb up the step. The robot supports the wheelchair during this process to prevent the wheelchair from tipping over backward. Once the wheelchair rear wheels have reached the upper level of the step, the robot stops.
[
Stage 3]
The front and rear wheels of the robot are folded into/against the robot body. The right and left sides of the robot are opened, and the two manipulators are inserted in the wheelchair stopper ( Fig. 9 (a) ). The wheelchair user maintains the wheelchair position. The robot moves forward, bringing the manipulator forearm link into contact with the stopper (front bars) of the wheelchair. The robot continues to move forward. The front wheels of the robot are lifted (Fig. 9 (a) ). When the robot center of mass shifts behind the contact point between the middle wheels, part of the manipulator forearm link comes into contact with the wheelchair stopper (rear bars) and limits the extent of rotation (Fig. 9 (b) ). The robot and the wheelchair move forward. The front wheels of the robot are placed on the upper level of the step.
[Stage 4] Both vehicles move forward, and the middle wheels of the robot come into contact with the step. The wheelchair pulls the robot, the robot is able to avoid tipping over, and the middle wheels of the robot start to climb the step. Both vehicles continue to move forward. The middle wheels of the robot are able to climb the step. After the middle wheels have reached the upper level of the step, both vehicles stop.
III. METHOD OF CONNECTING THE VEHICLES
By teleoperation using the camera on the robot, it is comparatively easy to enable the robot to access the wheelchair roughly from an area detached from the wheelchair. Alternatively, by autonomous control of the robot, it is also comparatively easy to exactly connect to the wheelchair when the robot is in the immediate area of the wheelchair. The connecting method proposed in this paper uses the merits of both teleoperation and autonomous control. 
International Journal of Mechanical Engineering and Robotics Research Vol. 5, No. 2, April 2016

A. Process of Connection
In this paper, we illustrate the docking process when the left robot hand first makes contact with the wheelchair shaft. The robot operator considered in the present study was assumed to know the height of the wheelchair shaft, and we assume that the wheelchair and the robot are on a flat road during the connecting.
1 is the first angle formed by the shaft of the wheelchair and the robot posture (Fig. 12 (1) ). ∑ is the basic coordinate system for the robot, where contact point is between the robot right middle (driving) wheel and the ground is the origin. 1 is the first contact point between the wheelchair shaft and the left robot hand (Fig.  12 (2) ), is the left edge position of the wheelchair shaft, is the right edge position of the wheelchair shaft, 1 is the point of intersection formed by the line of the middle wheels' axes and the straight line from 1 to the rear of the robot.
is the length from point to 1 , is the length from 1 to 1 , and d is the distance between the left and right robot hands.
1) Teleoperation for giving the robot access to the wheelchair
First, the operator teleoperates the robot hand to be at the same height of the wheelchair shaft. Next, the robot operator teleoperates the robot camera to find the wheelchair. Then, the robot operator teleoperates the robot toward the center of the wheelchair shaft and beside position as he can (Fig. 13) . 
2) Switching over from teleoperation to autonomous control, and first contact with the wheelchair shaft
The operator switches over from teleoperation to autonomous control by using the controller. The operator pushes the controller button, and then the robot starts to move forward. The robot keeps moving by autonomous control until the end of the connecting process. If the left and right hands of the robot touch the shaft at the same time, the robot stops and both hands grasp the shaft, and the wheelchair and the robot finish the connecting process. If the connecting process is not accomplished, the robot is controlled by the rule of the next process.
3) Rotation
The middle wheel on the opposite side where the hand touched the shaft (in Fig. 12 , the right middle wheel) remains stopped and the same side middle wheel (in Fig.  12 (3) , the left middle wheel) drives backward as the hand leaves the shaft. (The robot rotates until the hand leaves the wheelchair shaft.) The ingress angle is changed from 1 to 2 , and the left hand position is changed from 1 to 1 ′.
4) Moving forward, and second contact with the wheelchair shaft
The robot moves forward (the distance is 2 ) by the left hand contact with the wheelchair shaft (Fig. 12 (4) ).
Thus, the left hand position is changed from 1 ′ to 2 , and the contact point of the right middle wheel and the ground is changed from to ′ . If the right and left hands contact the shaft at the same time, the robot stops and both hands grasp the shaft. The wheelchair and the robot finish the connecting process. If the connecting process is not complete, the robot is controlled by the rule of "(3) Rotation."
The robot repeats the rotation and the moving forward, and the ingress angle ( ) is approximately 90 [deg]. Thus, both robot hands are able to grasp the wheelchair shaft.
B. Requirement for Connecting when Both hands Grasp the Shaft
In this connecting method, the robot has to grasp the wheelchair shaft with the right and left robot hands. This docking method repeats the moving forward and rotation of the robot, and the grasping position leaves the first
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contact point 1 . When the position and the ingress angle of the robot are greatly different from the wheelchair, the case in which the right or left hand is not able to grasp the shaft may occur (Fig. 14) .
Fiure 14. Case of one hand not being able to grasp the shaft
In this section, we analyze the range of the first contact position ( 1 ), in which both robot hands are able to grasp the shaft. Fig. 15 shows the state that the left hand first contacts the wheelchair shaft, and the state that both hands grasp the shaft. The distance between the right hand and the left hand is constant (= d). is the length of the wheelchair shaft, and k (0≤ k≤ 1) is the coefficient of the relationship between the total length of the shaft and the first contact position ( 1 ). Thus, the length from to 1 is k • (Fig. 15) .
The 
From the x coordinates of (1) and (5), we obtain equation (7), which is the requirement to enable the left hand to grasp the shaft.
Similarly, we obtain equation (8) from the x coordinates of (2) and (6), which is the requirement to enable the right hand to grasp the shaft cos 1 − sin 1 + (1 − ) > − + ∑ cos +
From (7) and (8), we obtain (9), which is the requirement that enables both hands to grasp the shaft.
here, 1 = cos 1 + (1 − sin 1 ) − ∑ cos , and is the distance between detecting the contact with the shaft and leaving it (3 [mm] , Fig. 4) .
If 1 is close to 90 [deg], then n is small in this system, and we can assume ∑ cos ≈ 0 in (9).
IV. EXPERIMENT
An experiment was carried out with this system in an environment with a flat load of the friction coefficient, μ=0.64. The wheelchair user and the robot operator were both able-bodied adult males. The robot operator performed his task over a network while observing the situation via the camera and communicating with the wheelchair user over a voice link by using Skype. The wheelchair user was on one floor of the National Institute of Technology, Toyama College, and the robot operator was in another building of this college. In the teleoperating process, the robot operator makes the robot access the rear of the wheelchair and matches the position of the center of the shaft as much as possible. The operator controls the robot ingress angle to the wheelchair (θ_1) to be 90 [deg] . However, the robot operator must not turn the wheels to correct the position in the experiment. As the result of the experiment, the robot operator was able to find the wheelchair by using the camera on the robot, and the operator was also successful in making the robot access the rear of the wheelchair without turning the wheels (Fig. 17) . Then, the operator changed from teleoperation to autonomous control and the robot moved forward. The robot hand contacted the wheelchair shaft, and repeated moving forward and turning 3 times, and both robot hands were able to grasp the wheelchair shaft (Fig. 18) .
Other subjects (4 adult males) tried the same operation. As the results of the experiments, the differences from the vehicle centers were within ±50 [mm] , and the ingress angles were 85 [deg] ≤θ_1≤95 [deg] when the robot first contacted the wheelchair shaft. After repeating the moving forward and the rotation operations, the subjects were able to make the robot grasp the shaft with both hands.
V. CONCLUSION
This paper describes a docking method for a wheelchair and a caregiver robot that uses teleoperation or autonomous control. We constructed the system, and the theoretical analysis shows the requirement by which both hands could grasp the wheelchair shaft. We carried out experiments incorporating teleoperation of the robot over an intranet, and these connecting tactics were demonstrated to be effective. In the future, we will construct a system for supporting the operation to connect, and analyze a suitable trajectory for the robot to connect with the wheelchair.
